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| r*  This  report  presents  the  results  of  a theoretical  and  experimental  investi- 
gation of  the  transmitting  and  receiving  properties  (far-field  radiation  pat- 
; terns)  of  horizontal-wire  antennas  placed  over  an  imperfectly  conducting  half- 
space. Particular  emphasis  is  given  to  the  Beverage  wave  antenna,  a special 
■ type  of  horizontal-wire  antenna  placed  in  close  proximity  to  the  earth.  Early 
work  by  Sommerfeid  showed  that  the  radiation  from  a dipole  above  an  imperfect 
earth  could  be  separated  into  a space  wave  (which  could  reflect  off  the  iono-  v 
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sphere  and  which  predominates  at  large  distances  above  the  earth)  and  a surface 
wave  (which  could  diffract  around  the  curvature  of  the  earth  and  which  dominates 
close  to  the  surface).  Because  of  the  difficulties  involved  in  solving  the 
Sommerfeld  integral  formulation,  asymptotic  approximations  valid  in  the  radia- 
tion zone  have  generally  been  employed  to  solve  this  problem.  The  useful  ap- 
proximate forms  developed  earlier  by  Norton  have  been  used  in  this  study,  the 
only  difference  being  that  in  the  present  analysis  the  exact  expressions  for  the 
antenna  current  are  used  rather  than  an  assumed  current  distribution.  An  ex- 
pression for  the  space-wave  radiation  pattern  is  formulated  using  a "geometric 
optics*  approximation,  while  the  superposition  principle  is  used  to  sum  the 
fields  of  individual  infinitesimal  dipoles  to  obtain  the  surface-wave  radiation 
pattern.  Expressions  for  a number  of  useful  antenna  parameters  (efficiency, 
front-to-back  ratio,  antenna  gain,  effective  length)  are  then  derived.  A series 
of  experimental  measurements  were  made  to  verify  the  accuracy  of  the  approximate 
theoretical  formulation.  Measurements  were  made  to  determine  how  the  antenna 
spacing  and  the  properties  of  the  half-space  affect  the  radiation  patterns  of 
Beverage  wave  antennas.  Surface-wave  radiation  patterns  were  measured  for 
Beverage  antennas  placed  over  fresh  water  and  dry  earth  at  heights  ranging  from 
.OlXo  to  .25Xn.  The  measurements  also  served  to  verify  that  the  asymmetrically 
driven,  modified  Beverage  antenna  can  be  used  to  obtain  unidirectional  surface- 
wave  and  space-wave  radiation  patterns  equivalent  to  the  radiation  patterns  of 
the  conventional  Beverage  antenna. 
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PART  I 

ANALYTIC  CONSIDERATIONS 


1.1.  Introduction 

Probably  the  most  Important  property  of  an  antenna  from  the  engineer's 
point  of  view  Is  its  radiation  pattern.  The  purpose  of  an  antenna  in  any 
communication  system  is  to  transmit  or  receive  effectively  a sufficient 
amount  of  energy  in  or  from  a desired  direction.  The  far  field  or  radiation 
pattern  contains  all  information  concerning  the  directional  properties  of 
only  those  field  components  sustained  at  far  distances  from  the  radiating 
source.  Due  to  the  Rayleigh-Carson  reciprocal  theorem  [1],  the  transmitted 
and  received  radiation  patterns  are  identical  and,  therefore,  knowledge  of 
the  radiated  pattern  provides  important  additional  information  on  the  re- 
ceiving properties  of  the  antenna. 

When  considering  the  far-field  characteristic  of  antennas  in  the  pres- 
ence of  an  imperfectly  conducting  half-space,  a logical  and  fundamental 
starting  point  is  to  investigate  the  radiation  properties  of  the  infinitesi- 
mal electric  dipole.  As  mentioned  in  Part  I of  [2],  the  classic  Sommerfeld 
problem  [3]  derives  the  solutions  for  the  electromagnetic  fields  of  a dipole 
over  a flat  earth.  The  complexity  of  this  solution  has  led  to  numerous  mis- 
understandings as  to  the  actual  radiation  mechanism  involved.  The  original 
paper  by  Sommerfeld  in  1909  [4]  showed  that  the  radiation  from  a dipole  above 
an  imperfect  earth  could  be  separated  into  a space  or  sky  wave  which  could 
reflect  off  the  ionosphere  and  a surface  or  grourd  wave  which  could  diffract 
around  the  curvature  of  the  earth,  as  shown  in  Fig.  1.1.  The  surface  wave 
generated  considerable  interest  especially  for  its  use  in  radio  transmission. 
Due  to  a minus  sign  error  in  Sommerfeld 's  original  paper,  anomalies  such  as 
"negative  attenuation"  and  dips  to  zero  in  the  surface-wave  field  intensity 
were  predicted  at  finite  distances  from  the  dipole  [5],  (6],  Further  ques- 
tions were  raised  as  to  whether  the  Sommerfeld  surface  wave  was  indeed  a ' 
Zenneck-type  surface  wave,  i.e.,  a wave  supported  along  a plane  infinite  in- 
terface which  is  exponentially  attenuated  in  the  direction  of  propagation 
along  the  interface  and  vertically  upward  and  downward  from  the  interface. 
Subsequent  reformulation  of  the  problem  by  Sommerfeld  in  1926  [7]  along  with 
Independent  approaches  by  Weyl  [8]  and  Van  der  Pol  et  al.  [9]  led  to  the 


IONOSPHERE 


FIG.  1.1.  POSSIBLE  MECHANISMS  OF  TRANSMISSION  FOR  ANTENNAS  OR  ELEMENTARY 
SOURCES  PLACED  CLOSE  TO  THE  EARTH. 


-3- 


discovery  of  the  original  sign  error.  Norton  [10]  later  showed  that  this 
error  in  sign  was  responsible  for  the  anomalies  in  the  surface-wave  attenua- 
tion factor  observed  by  Sommerfeld  and  Rolf.  Wise  [11]  and  Burrows  [12]  re- 
confirmed the  field  decomposition  into  surface  and  space  waves  and  further 
showed  that  the  surface  wave  does  not  obey  the  requirements  of  a Zenneck 
surface  wave. 

Since  antennas  of  finite  length  can  be  viewed  as  a summation  of  infini- 
tesimal dipoles,  it  can  be  expected  that  a similar  surface-wave  and  space- 
wave  decomposition  will  occur  for  their  radiation  fields.  The  variation  in 
the  magnitude  and  phase  for  each  dipole  will  determine  the  directional  prop- 
erties of  the  surface  and  space  waves.  This,  of  course,  is  reflected  in  the 
actual  current  distribution  that  exists  on  the  wire  antenna.  With  exact 
current  expressions  for  the  horizontal  wire  and  Beverage  antenna  available 
[2,  eqs.  (1.6)  and  (1.64)],  one  can  obtain  the  radiation  pattern  for  these 
antennas  by  integrating  Sommerf eld's  original  field  expression  for  a dipole 
where  P ^ *■  -j(I  di/w) . Due  to  difficulties  concerning  the  Sommerfeld  inte- 
grals [2],  this  problem  is  usually  avoided  by  replacing  the  integrals  with 
asymptotic  approximations  that  are  valid  in  the  radiation  zone.  One  of  the 
more  useful  approximate  forms  for  engineering  use  has  been  developed  by 
Norton  [13].  This  formulation  will  provide  the  basis  for  the  present  devel- 
opment concerning  far-field  expressions  for  wires  over  a half-space  and  for 
the  Beverage  wave  antenna.  This  approach  has  been  used  many  times  before, 
the  only  difference  being  that  this  time  the  exact  expressions  for  the  an- 
tenna current  will  be  used  rather  than  an  assumed  current  distribution. 

1.2.  Asymptotic  Development  of  Norton 

Sommerfeld  initially  showed  that  the  boundary-value  problem  associated 
with  a horizontal  dipole  above  an  imperfect  earth  requires  two  components  of 
the  vector  potential  in  order  that  all  components  of  the  field  could  be 
matched  at  the  air-aarth  interface  [3].  For  a unit  horizontal  dipole  paral- 
lel to  the  x axis  (Fig.  1.2),  two  components  of  the  Hertzian  potential,  Jl*1 

h * 

and  IIz,  are  necessary.  The  electric  field  in  air  associated  with  these  po- 
tentials is: 


f2-+  -> 

- [kp  + vv  • n] 


(l.D 


fig.  1.2.  GEOMETRY  FOR  HORIZONTAL  ELECTRIC  DIPOLE  FIELD  PATTERNS 
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where  Sommerfeld  and  others  have  shown  that 


t - nh  i + nh  k 

X z 


The  two  components  of  the  Hertzian  potential  are: 


-jk^  -jkjRg 


. r , t -11  “ 1 z \ 


-(d+  z)i 


„h  pxl  C°9  ♦ ” 2(1  - U2)  „ -(d+z)*,  , ,, 

H / 21 = — J'(Xp)e  X dX 

2 4lTel  0 U + m)(i  + u2m) 


2 2 
X - k^ 


2 2 
X - k^ 


u “ kj/k2 


All  other  quantities  are  adequately  defined  in  Fig.  1.2.  The  integrals  in 
(1.4)  and  (1.5)  are  the  Somnerfeld  integrals  that  have  been  the  subject  of 
considerable  investigation. 

Wise  [15]  has  shown  that  it  is  possible  to  express  the  electric-field 
components  of  the  horizontal  dipole  as: 


Ez  " Q COS  * 3^7 


/ -JK1 
(V^ 


-JkjRj  ~JkiR2  » 


„h, 2 „ -Jk.R,  -jk.R, 

, rH  k.  ,2  , J11  J 1 2 , 

„h  * x 1 3 / e e 2.,  \ | 

Ec.,coe^  )] 
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r ' 


Ek  “ ($  sin  4) 


nhk? 

X 1 


I JL_ 

P 3p 2 


-JklRl 


-JklR2 


u2y  ) ] 


(1.7c) 


where 


Q - -?xl/4ntl 


(l.fia) 


V / 


0 t + u m 


— J0(Xp)e'(d+  zH  X dX 


(1.8b) 


The  V integral  appears  in  the  solution  for  the  Hertz  potential  of  a vertical 
electric  dipole.  The  advantage  of  (1.7)  is  that  the  fields  are  now  ex- 
pressed in  terms  of  two  similar  integrals,  V and  H,  and  the  more  complicated 
integral  associated  with  IIk  has  been  eliminated.  The  V and  H integrals  are 
the  starting  points  for  much  of  the  asymptotic  work  done  to  date. 

Van  der  Pol  was  able  to  take  the  expressions  for  V and  H and  express 
them  in  the  following  approximate  form: 


V “ 2 ^ ■ 


-JklR2 


- / 


-jk^R'  + s/u) 


ds 


(1.9a) 


-JklR2 


-jk1(R"+  s/u) 


ds 


(1.9b) 


where 


l’2  * p2  + (d  + z + s/u2)2 


(1.10a) 


2 2 

R"  i p + 


(d  + z + s)i 


(1.10b) 


The  major  assumption  involved  in  this  approximation  is  that  medium  two  be 
sufficiently  conducting  to  assure  that  is  large  enough  to  provide  a rapid 
decrease  with  radial  distance.  With  this  assumption  the  above  approximate 
forms  for  R'  and  R"  can  be  obtained  along  with  the  simplification  of  a 
radial  integration.  A precise  statement  of  the  condition  is: 


a~R-  >>  1 or  R_  >>  d 
2 2 2 s 


(1.11) 


J 
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r 


where  d Is  the  skin  depth.  King  [14]  has  shown  that  this  assumption  is  us- 
8 

ually  less  restrictive  than  the  conventional  far-zone  conditions,  0^  >>  1, 
and  can  be  shown  to  hold  for  a vide  range  of  media. 


Norton's  formulation  [13]  begins  with  the  approximate  integrals  of  Van 
der  Pol,  equations  (1.9a,b)  for  the  V and  H functions.  Norton  starts  by  us- 
ing reasoning  similar  to  that  of  Van  der  Pol  to  simplify  the  s integration. 
Specifically,  if  <*2  is  large  enough,  then  the  principal  contribution  to  the 
Integrals  will  come  only  when  s is  small.  Accordingly,  (1.10a)  may  be  ex- 
panded in  a Taylor  series  as  follows: 


«■(.)  -«•<»>  ♦.ra^ai 

L 38  Js-0  2 L 3s2  Js-0 


With  this  equation,  (1.10a)  can  be  further  approximated  as: 


+ • • • 


R'  (s)  * R,  + (-d  + + —2-t- 

R2u  2R2u 


(1.12) 


By  substituting  (1.12)  into  the  V integral,  (1.9a)  leads  to  the  following: 


V * 2 


"jklR2  - -jk1[(d+  z)s/R,u2+  s/u+ s2/2R.u4] 

Hr~  {1  - *2  / c > 

2 1 0 (1.13) 


With  the  following  identity 


/ e*2s2+bs  d.  ■ -J  e-b2/4a2  erfcl3(b2/4.2>1/2] 


(1.14) 


where 


00  2 

erfc(x)  - (2/x1^2)  / e~u  du 


an  approximate  expression  for  V may  be  written  as: 


-JklR2 


V * 2 


[1  - J(xp')1^2  e~w  erfc(jw'1^2)] 


(1.15) 


where 


, »?y,  ^ 


; - 
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klR2U 


w'  - p[l  + (d  + z)/uR2]‘ 


(1.16a) 

(1.16b) 


Norton's  next  step  was  to  expand  the  erfc  function  for  large  argument  and 
compare  the  results  with  an  exact  asymptotic  formulation  by  Wise  [15].  The 
comparison  is  as  follows: 


Norton:  V * 


2e 


-JklR2 


{ 1 - [1  + (d  + z)/uR2f 


(1.17) 


-jklR2 


Wise: 


* I®— (1  - [1  + sin  *'/u(l  - u2  cos2  lJ.’)1/2]“1) 

R2 

where  sin  vp * = (z  + d)/R_ 


(1.18) 


It  is  evident  that  for  sufficiently  large  values  of  w',  (1.17)  is  equivalent 


to  (1.18)  except  for  the  1/u  term  which  must  be  multiplied  by  the  factor 


2 2 1/2 

(1  - u cos  i|i')  . Due  to  the  condition  placed  on  a„  in  Van  der  Pol's 

2 ^ 

work,  Norton's  development  implicitly  assumed  that  |u  | <<  1. 


If  it  is  noted  that  even  for  dry  earth  with  « 5,  |u  | is  less  than 


.2  for  all  frequencies,  it  can  be  easily  seen  that  with  restriction  (1.11) 


2 2 1/2 

the  (1  - u cos  i()')  factor  is  nearly  unity  and,  thus,  the  two  results 


agree  quite  well.  In  order  to  obtain  a single  formula  that  is  useful  for 


all  values  of  u subject  to  the  condition  8^R2  >:>  1 and  for  |u  | <<  1 subject 


to  the  restriction  that  a R„  >:>  1,  Norton  arbitrarily  introduces  the  factor 
2 2 1/2  A z 

(1  - u cos  4i')  into  the  general  integral  (1.13)  as  follows: 


-jkiR2 


V i 2 


- jk_  (1  - if  cos2  4>')^2  / 

0 


-jk^[R' + s(l-  u2  cos2  <J>'/u)^2] 


IT- 


ds 


(1.19) 


There  appears  to  be  no  rigorous  justification  for  the  inclusion  of  this 
factor  except  to  obtain  agreement  with  Wise's  formulation,  yet  it  does  lead 
to  some  Interesting  and  useful  results.  By  expanding  R'  as  in  (1.12), 
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substltuting  into  (1.19),  and  utilizing  the  identity  in  (1.14),  Norton  ob- 
tained the  final  form  for  V as: 


-JklR2 


V*  [(1  - R )F  + 1 + R ] =- 

1 v vJ  R„ 


(1.20) 


where 


4..  ,,  2 2 ,.\l/2 

n sin  - u(l  - u cos  i|>  ) 

v " . ,,  . 2 2 ,,,1/2 

sin  <|r  + u(l  - u cos  ) 


(1.21) 


F - 1 - j(nw)^2  e W erfc(jw^2) 


(1.22) 


w - 4p1/(l  - Rv)" 


(1.23) 


= “jkj_R2u^(l  ” cos2  ’f'*)/2  = Pe  b 


(1.24) 


By  following  similar  procedures  and  arguments  the  H function  can  be  evalu- 
ated to  give: 


where 


_jklR2 

H * [(1  + Rh)G  + 1 - Rh]  ^ 


u sin  - (1  - u2  cos2  <|)')^2 

h “ . , , ^ 2 2 , ,.1/2 

u sin  + (1  - u cos  i/r) 


G - [1  - j(itv)1^2  e"v  erfc(jv1^2)] 


v - 4q1/(l  + Rh)' 


■ -jk^Rj (1  - u2  cos2  ij;,)/2u2  = -qe^b 


(1.25) 


(1.26) 


(1.27) 


(1.28) 


(1.29) 


With  formulas  developed  for  H and  V that  are  valid  in  the  far  zone,  the 
far-zone  electromagnetic  fields  can  be  evaluated  readily  using  (1.1).  This 
involves  essentially  nothing  more  than  numerous  partial  differentiations. 
After  performing  the  indicated  manipulations,  Norton  was  able  to  cast  the 
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radiation  field  of  a horizontal  dipole  at  a height  d above  the  earth  (Fig. 
1.3)  Into  the  following  form: 


k2?  -Jki<R0-d  sln  ^ 
1 xl  e 


"space  Axe, 


[ cos  d>  sin  ip  (1  - R )e 


-2jk  d sin  ip 


0 


-2jk.d  sin 

+ sin  $ (1  + R^)e  i 


(1.30) 


'surface  4xe 


w2?  -Jk.(Rn  + d sin  ip) 

1 xl  e J # i 2 2.1/2 

COS  ip  u(l  - U COS  Ip) 


(1  - Rv)F  j^cos  ip  ^1  + 8— n2— * j J + u(l  - U2  cos2  ip)1/2 


(1  - R )u  F 
v 


\ 

for  R >>  X 


. 2 2 
1 - u cos 


P J + sin  ♦ (1  - Rh)G  l t (1.31) 


where  Rv,  F,  R^  and  G are  given  in  (1.21),  (1.22),  (1.26)  and  (1.27).  Note 
that  in  the  far  zone  the  following  approximations  are  used: 

R1  S R2  * Rq  and  <!»'  £ ♦ " 90°  - 6 

The  final  expressions  (1.30)  and  (1.31)  will  be  used  subsequently  to 
develop  far-field  expressions  for  finite  wires  over  the  ground.  First,  how- 
ever, it  is  instructive  to  note  the  important  conclusions  that  can  he  drawn 
from  these  two  equations: 

1)  The  decomposition  of  the  radiation  field  into  surface-wave  and  space- 
wave  components  agrees  with  previous  formulations  by  Sommer f eld  and  others. 
The  space  wave  predominates  at  large  distances  above  the  earth,  while  the 
surface  wave  is  dominant  at  the  surface  of  the  earth  where  the  space  wave  is 
negligible. 

2)  For  the  surface  wave  at  large  distances,  |w|  > 20,  it  can  be  shown 

2 

that  G % u F asymptotically.  Substituting  this  approximation  into  (1.31) 


FAR  ZONE  COORDINATES  FOR  HORIZONTAL  DIPOLE  ABOVE  THE  EARTH. 


gives  the  result  that  the  electric  vector  In  the  surface  wave  at  ■ 0 is 

predominantly  in  the  vertical  k direction.  There  is  also  a small  horizontal 

« 3 

* component  which  is  usually  negligible  for  most  media  since  it  is  u times 

the  Intensity  of  the  vertical  component.  This  provides  somewhat  of  a sur- 
prising result  in  that  the  major  radiation-field  component  for  the  surface 
wave  of  a horizontal  electric  dipole  is  in  the  vertical  direction. 

3)  The  surface  wave  is  found  not  to  be  a Zenneck-type  wave.  The  char- 
acteristics of  the  surface  wave  are  contained  in  the  function  F,  the  ground- 
wave  attenuation  factor.  Curves  of  the  function  F versus  |w|,  the  numerical 
distance,  can  be  found  in  the  literature  [13],  [14].  The  curves  show  that 
the  attenuation  factor  varies  with  distance  first  exponentially  and  finally, 
at  large  distances,  inversely  with  the  distance. 

4)  The  form  of  the  space  wave  can  be  shown  to  be  composed  of  a direct 
plus  a reflected  field  (Fig.  1.1),  where  the  direct  field  is  equivalent  to 
the  field  of  an  isolated  horizontal  dipole  and  the  reflected  field  is  the 
incident  isolated-dipole  field  modified  by  the  Fresnel  plane-wave  reflection 
coefficients.  This  fact  will  be  exploited  along  with  the  superposition  to 
solve  for  the  radiation  fields  of  wire  antennas  over  the  earth. 

1.3.  Far-Field  Patterns  for  Wire  Antennas  Over  Imperfect  Conductors 

The  formulation  for  the  space-wave  radiation  pattern  will  be  based  on 
the  "geometric  optics"  approximation  just  discussed  under  item  4).  The  sur- 
face-wave problem  will  be  treated  by  using  the  superposition  principle  to 
sum  the  fields  of  individual  infinitesimal  dipoles.  Note  that  it  is  also 
possible  to  use  the  same  straightforward  superposition  technique  for  the 
space  wave.  A slightly  different  approach,  however,  will  be  utilized  since 
it  is  believed  to  provide  better  physical  insight  into  the  problem. 

Space  Wave 

Since  the  radiation  field  for  a dipole  over  a half-space  is  comprised 
of  a direct  field,  i.e.,  the  field  of  an  isolated  dipole,  plus  a reflected 
field,  i.e.,  the  isolated  field  modified  by  plane-wave  reflection  coeffi- 
cients, it  can  be  expected  that  a similar  decomposition  will  hold  for  the 
infinitely  large  collinear  array  of  such  dipoles  necessary  to  constitute  a 
finite  wire  antenna.  Therefore,  knowledge  of  the  current  distribution  that 
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exlsts  on  a wire  antenna  would  be  sufficient  to  evaluate  the  radiated  fields. 
The  electromagnetic  field  for  any  radiating  source  surrounded  by  medium 
can  be  expressed  as: 


t - -(j«/k*)(^  • X + k^X)  (1.32a) 

I - $ * X (1.32b) 


where 

-jkjR  -j^R 

1 “ 4^7  / pmV’  !L-r~  dT'  + / nmv’  d0'  (1*33) 

The  current  distributions  for  the  source  are  defined  by  p^v  and  n^v  which 

m m 

are  the  essential  density  functions  for  volume  and  surface  currents. 

2 2 21/2 

R **  [(x  - x')  + (y  - y')  + (z  - z')  ] is  the  distance  between  the 

source  point  (primed  coordinates)  and  the  field  point  (unprimed  coordinates). 

Consider  the  case  of  a thin  cylindrical  wire  (B^a  « 1)  of  half-length 
h and  radius  a,  placed  along  the  s axis  and  center-driven  by  a slice  genera- 
tor such  that  an  axial  current  I (s')  exists  along  the  wire  (Fig.  1.4).  The 
radiation  zone  for  the  wire  is  defined  by: 

BjR  >>  1 (1.34a) 


R » h (1.34b) 

Subject  to  the  above  conditions,  (1.33)  reduces  in  the  radiation  zone  to  the 
following  form  [1]: 


xr 


sA 


Ar  - 
8 


-lkiRo 


4itv, 


h jk  (R  -s') 

/ I(s')e  ds' 

-h 


(1.35) 


where  for  large  distances  R £ RQ  in  the  denominator  of  (1.33)  and  R £ R^  - 

A 

(Rq  • s)  in  the  phase  term  since  distances  on  the  wire  may  not  be  small  com- 
pared to  a wavelength.  For  a cylindrical  antenna  placed  along  the  s axis  it 
can  be  shown  [1]  that  in  the  far  zone  the  field  decreases  inversely  as  the 

A 

radial  distance,  while  the  energy  propagates  in  the  RQ  radial  direction. 


FIR.  1.4.  CENTER  DRIVEN  CYLINDRICAL  ANTENNA  AND  FAR  ZONE 

COORDINATES 
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Due  to  the  spherical-wave  nature  of  the  field,  there  are  no  components  in 
the  radial  direction  and,  therefore,  the  electric  field  can  be  expressed  as: 

Er  - - jui(0A^  + ( 1.36) 

0 

Substituting  (1.35)  into  (1.36)  and  decomposing  the  current  vector  into  6 
and  $ components  give 


r jw  e"jklR°  - , Jk  (R-s') 

~ 4nv~  ~ » / Ifl(8')e  1 


1 Ro 


jk  (R*s') 

ds'  + 4>  / I (s')e 


ds'} 

(1.37) 


This  is  the  complete  far-zone  expression  for  the  electric  field  of  an  iso- 
lated wire  antenna  in  medium  k^. 

In  Fig.  1.5  a cylindrical  wire  of  radius  a and  half-length  h directed 
along  the  x axis  has  been  displaced  a distance  d above  the  origin.  It  is 
now  assumed  that  medium  one  is  free  space  and  that  the  wire  is  completely 
isolated  from  all  other  sources.  From  Fig.  1.5  it  can  be  seen  that  R' , the 
distance  from  the  source  to  the  field  point, contains  an  added  factor  due  to 
the  shift  of  the  antenna  from  the  origin.  Specifically,  it  is  graphically 
shown  that: 


R1  ^ Rq  - $ • s')  - d cos  0 


(1.38) 


With  the  total  antenna  current  directed  along  the  x axis,  the  following  de- 
composition can  he  obtained: 

IT(x')  - xlx(x')  - 0I0(x*)  + ^(x*) 


where 

I.(x')  ■ 1 (x')0  • x “ I (x')(x  cos  $ cos  0 + y sin  4>  cos  0 - z sin  0)  • x 
0 X X 

= Ix(x')cos  0 cos  <f>  (1.39) 

and 

I.(x')  ■ I (x')$>  • x ■ I (x')[(y  cos  $ - x sin  $)  • x]  - -I  (x')sin  <f>  (1.40) 

X X X 


fig.  1.5.  COORDINATES  FOR  CYLINDRICAL  ANTENNA  HORIZONTALLY  DISPLACED 
ABOVE  PLANE  OF  xy  AXIS. 
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If  it  is  noted  that  (R  • s')  = (R  • x')  ■ x'  cos  4 sin  0,  the  expression  for 
the  radiation  field  can  be  obtained  by  substituting  (1.38)  - (1.40)  into 
(1.37).  Performing  these  substitutions  and  employing  the  following  change 
in  constants 

«/v0  “ 6040  . 40  ■ 120tt  ohms 

one  obtains 

-J308q  “J®oR0  + 8Od  cos  9 - h cos  <p  sin  6 x' 

E - — e [-41  sin  4>  / I (x')e  dx' 

0 -h  x 

h j$n  cos  4 sin  0 x' 

+ 0 cos  4 cos  0/l  (x')e  dx']  (1.41) 

-h  X 


Consider  now  the  case  in  which  the  region  z < 0 is  no  longer  air  but  is 
filled  with  an  imperfectly  conducting  material  such  as  earth  with  parameters 
er2*  °2‘  hindsight  obtained  from  the  previous  development  by  Norton, 

it  can  be  shown  that  two  effects  are  involved  in  modifying  the  radiation 
field  due  to  the  interface.  First  of  all,  the  proximity  of  the  earth  to  the 
wire  modifies  the  current  distribution,  as  shown  in  [2],  Secondly,  a re- 
flected field  is  now  set  up  by  the  interface  which  must  be  combined  with  the 
direct  isolated  field  to  obtain  the  total  radiation  pattern.  If  the  correct 
current  distribution  is  known,  (1.41)  gives  the  proper  expression  for  the  di- 
rect field.  To  obtain  the  correct  expression  for  the  reflected  field,  it  is 
necessary  to  examine  what  effect  the  polarization  of  the  incident  field  will 
have  on  its  reflection  from  a plane  surface.  l 

Figures  1.6a  and  1.6b  present  the  two  types  of  polarization  that  can 
occur  when  a plane  wave  impinges  upon  a plane  interface.  The  plane  of  inci- 
dence is  defined  as  the  plane  containing  the  propagation  vector  and  the 
normal  to  the  interface  at  the  point  of  reflection.  For  both  cases  in  Fig. 
1.6,  the  plane  of  the  page  represents  the  plane  of  incidence.  The  case  in 
Fig.  1.6a  is  characterized  by  having  the  electric  field  perpendicular  to  the 
plane  of  incidence  or  horizontal  to  the  reflecting  surface.  For  this  reason 
the  case  is  often  referred  to  as  horizontal  polarization.  In  Fig.  1.6b  the 
electric  field  is  parallel  to  or  in  the  plane  of  incidence  and  is  often 
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a)  HORIZONTAL  POLARIZATION 


Flo.  1.6. 


WAVE  REFLECTION  OFF  A PLANE  INTERFACE 


-19- 


ref  erred  to  as  vertical  polarization  even  though  the  electric  vector  may 
have  components  both  horizontal  and  vertical  to  the  Interface. 

For  horizontal  polarization  it  can  he  easily  shown  [16],  [17]  that 
■ total  horizontal  component  ” E^(r^)  + E^C^) 

- Ei(r1)  + RhEi(r2)  (1.42) 

where  r^  is  the  direct  distance  from  the  antenna-source  point  to  the  far- 
field  point  and  r2  represents  the  distance  between  the  same  points  but 
through  the  reflecting  path  (Fig.  1.6).  E^  and  E are  the  direct  and  re- 
flected vectors,  respectively,  and  is  the  Fresnel  reflection  coefficient 
given  by  (1.26).  For  the  case  of  vertical  polarization  (polarization  paral- 
lel to  the  plane  of  incidence)  the  total  horizontal  and  total  vertical  com- 
ponents must  be  considered  separately.  When  this  is  done,  it  is  easy  to 
show  that 


E^  - total  horizontal  component  » E^(r^)  ~ RvEi^r2^  (1.43) 

Ey  ■ total  vertical  component  - E^r^)  + RvEi^r2^  (1.44) 

where  Rv  is  the  Fresnel  coefficient  for  vertical  polarization  given  by  (1.21). 

Figure  1.7  depicts  the  situation  for  a wire  over  a half-space,  deline- 
ates the  path  for  direct  and  reflected  transmission,  and  shows  the  plane  of 

incidence  for  the  far-field  components.  It  is  apparent  that  E.  is  always 

$ 

perpendicular  to  the  plane  of  incidence  and,  thus,  can  be  categorized  as 
horizontal  polarization.  With  this  fact  it  can  be  concluded  that 

v ■ F-X> + vj<r2>  (i-45> 

On  the  other  hand,  it  is  evident  that  F..  lies  in  the  plane  of  incidence  and, 

V7 

thus,  represents  a case  of  vertical  polarization.  It  follows  that  it  is  ne- 
cessary to  decompose  EQ  into  vertical  and  horizontal  components.  Specifi- 
cally,  it  can  be  shown  that 

E„  = E cos  0 - E sin  0 
0 p z 


(1.46) 


DIRECT  AND  REFLECTED  WAVE  PROPAGATION  FOR  ANTENNA 
OVER  THE  EARTH. 


-21- 


where  E is  the  total  horizontal  component  and  E is  the  total  vertical  com- 
P z 

ponent.  Due  to  the  fact  that  the  current  source  is  along  the  x direction, 
no  electric-field  component  in  the  z direction  is  to  be  expected.  Therefore, 
only  the  horizontal  component  is  present  and  it  follows  from  (1.43)  that 

E6T  ■ E0<rl>  - RvEe(r2>  «-47> 

Thus,  the  total  electric  field  for  a wire  above  a plane  interface  can  be  de- 
termined from  (1.45)  and  (1.47)  where  E*  is  contained  in  (1.41). 

Previously  it  has  been  shown  that  for  the  direct  wave 

■ R'  £ Rq  - (R  • x')  - d cos  6 (1.48a) 

Similarly,  the  following  approximation  holds  for  the  reflected  wave: 

r2  ^ R0  ” * x')  + d cos  8 (1.48b) 

where  r ^ is  approximately  equal  to  the  distance  from  an  image  antenna  at  a 
point  d below  the  interface.  By  using  the  standard  far-field  approximations 
with  r,  » r_  ■ R„  in  the  denominator  and  (1.48a,b)  used  in  the  exponent,  the 

JL  L U 

space  wave  can  be  written  as: 

-j2f?Qd  cos  8 
e ) 

-j2Bnd  cos  8 
(1  - Rve  ) 

(1.49) 


3GP.0  -j(0oRQ- BQd  cos  0) 
Espace  ^ ^ Rq  e 


sin  4>  A (1  + 


- e j 


30B0  -j(30R0-80d  cos  8) 


cos  <f>  cos  8 A 


where 


A 


h jB„  cos  sin  0 x* 

/ I(x')e  u dx' 

-h 


(1.50) 


Surface  Wave 

In  the  procedure  outlined  above  there  is  no  way  to  acquire  information 
concerning  the  surface  wave.  Naively  setting  8 - 90°  in  (1.49)  shows  that 
the  space  wave  cancels  at  the  interface.  To  obtain  a suitable  expression 
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for  the  surface-wave  radiation  pattern,  it  is  necessary  to  superimpose  the 
contributions  of  the  individual  infinitesimal  dipoles  from  (1.31)  that  to- 
gether comprise  the  total  antenna  length.  This  can  be  accomplished  easily 
by  replacing  by  its  infinitesimal-element  equivalent,  I dx/jw,  then  sub- 
stituting into  (1.31),  and  integrating  the  response  of  each  individual  di- 
pole. By  using  the  same  far-field  approximations  encountered  in  the  space- 
wave  development,  the  surface-wave  radiation  pattern  can  be  written  as: 


surface  J R, 


. 30 B0  "j(B0R0+60d  COS  e)  t J ' f*  , 2 2 1/2, 

■ j — — e A ^cos  $ [u(l  - u cos  \ji)  ] 


2 

* (1  - Ry>F  j”  cos  *(1  + s— 2 ) J + u(l  - u2  cos2  .)1/2 


, , ‘ , (1  - vc 

1 - sin  1 1>  - 


(1  - Rv)u  F 


2 2 
1 - u cos 


pj  + sin  * (1  - Rh)G  « i (1.51) 


with  A given  by  (1.50)  as  before  and 


ij)  - 90°  - 0 


The  quantities  F,  0,  Rv  and  are  the  same  as  have  been  applied  previously 
to  the  dipole  problem. 

Note  that  this  very  simplistic  procedure  could  also  have  been  applied 
to  the  space  wave  and  that  the  same  expression  as  in  (1.49)  would  have  re- 
sulted. The  approach  that  was  taken  proves  to  be  more  informative  and  more 
straightforward  in  developing  the  necessary  A function. 

Equations  (1.49)  and  (1.51)  constitute  the  geometric-optics  approxima- 
tion and  have  proven  to  be  quite  accurate  for  the  radiation  field.  More 
exact  field  evaluation  would  necessitate  more  accurate  approximations  for 
the  Sommerfeld  integrals. 


1.4.  Field  Calculations  for  Beverage  and  Wire  Antennas 

The  calculation  of  the  far-field  pattern  can  now  be  accomplished  by 
utilizing  (1.49)  and  (1.51)  along  with  a knowledge  of  the  correct  antenna 


current.  The  difference  between  the  calculation  which  follows  and  all  pre- 
vious work  lies  in  the  fact  the  correct  antenna  current  can  now  be  utilized, 
based  on  the  developments  presented  and  verified  in  Parts  I and  III  of  [2], 
Except  for  multiplicative  factors,  the  field  calculations  involve  the  evalu- 
ation of  the  A integral  for  the  various  current  expressions  developed  in 
Part  I of  [2]. 

It  has  been  shown  [2,  see  Fig.  1.9]  that  for  the  asymmetrically  loaded 
antenna  placed  above  an  imperfect  ground  the  current  is  found  to  be: 


I(x)  - 


A sin  k^(s  - x)  + B sin  k^(q  + x) 
A sin  k^(s  - x)  + C sin  kL(s  - x) 
D sin  k^(q  + x)  + E sin  k^(s  - x) 


(q  + x) 

0 < x < 

(1.52a) 

(s  - x) 

< X < s 

(1.52b) 

(s  - x) 

-*3  1 x 1 0 

(1.52c) 

(q  + x) 

-q  < x < -l3 

(1.52d) 

where 


j2VQ  sin  kLq  j2V2  sin  k^ 

Zc  sin  k^(s  + q)  Z ^ sin  k^(s  + q) 


j2Vx  sin  kL*2 

Z sin  k, (s  + q) 
C L 


j2V1  sin  kL(q  + tp 
Zc  sin  k-L(s  + q) 


D - j 


2(Vq  sin  k^s  - sin  k^ 
Zc  sin  k^(s  + q) 


j2V2  sin  kLt4 

Z sin  kT (q  + s) 
C L 


j2V2  sin  kL(s  + *3) 

Z sin  k.  (q  + s) 
c L 


r 
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and 


» ^JZiV0  8ln  'CL42^'c  8ln  Sin  ki  + <l)  + -17'2  8*n  8in  kL^4 


x sin  k^(s  + l^)  - j7~2  sin  k^s  sin  kj  ] }/Denom. 


(1.53g) 


V2  ■ ^JZ2^0  Sin  kL*4^Zc  S*n  kLS  Sin  ^i/8  + + Jzi  sin  kLS  8*n  *CL^2 


x sin  k^(q  + i^)  - j Z^  sin  k^q  sin  k^l^l  )/Oenom. 


(1.53h) 


with 


.2  _._2 


Denom.  - Z sin  kL(8  + q)  + JZjZ,.  8in  ^(s  + sin  *^1/4  sin  + *3^ 

+ jZjZc  sin  kj  *>2  sin  k^(q  + ij)  sin  kj  (s  + q)  - 7^1^  sin  k^ 
x sin  k^i.^  sin  k^(s  + i^)  sin  kL(q  + i^)  + Z^Z^  sin2  kL*.2 


x sin 


*1*4 


(1.531) 


Since  all  the  antennas  that  will  be  considered  are  actually  special  cases  of 
the  configuration  in  Fig.  1.9  of  [2]»  the  A factor  will  be  evaluated  in  this 
most  general  case  and  reduction  to  more  special  cases  will  be  left  till 
later.  Considering  the  section  of  antenna  from  0 < x < s,  it  is  straight- 
forward to  show  that  substituting  (1.52a,b)  into  (1.50)  gives: 


A - A { / sin  k (s  - x’) 
+ 0 L 


JBn  cos  <p  sin  0 x’ 
•'e 


dx’  + / sin  k (s  - x') 


0 

je0  cos  41  sin  0 x'  1 jBncos  4 sin  0 x' 

x e dx'}  + B j sin  k (q  + x')e  dx' 


a jg  cos  4 sin  0 x' 

+ C j sin  k (s  - x')e  dx' 

*1 


(1.54) 


The  solution  for  (1.54)  is  quite  simple  and  necessitates  the  evaluation  of 


. ;'V 
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the  following  two  types  of  integrals: 


b cos  <f>  sin  0 x 

1 1 m I sin  ^(s  - x)e  dx 


(1.55) 


b JBq  cos  <(>  sin  0 x 

I„  ■ / sin  k (q  + x)e  dx 


(1.56) 


By  making  the  following  substitutions  in 

s — x**C  , dx*  -d£  , x - s - C 


one  obtains 


h “ 'e 


JB^s  cos  <p  sin  0 s— b -jB_  cos  <t  sin  0 z, 

} sln(k  Oe 


dC 


s-a 


(1.57) 


1 2 2 2 2 
x kL  “ eo  COS  * 8in  6 


(e 


jB^b  cos  <t  sin  © 


[JBq  cos  <p  sin  0 


x sin  k^fs  - b)  + k^  cos  k^(s  - b)]  - e 


jB^a  cos  <p  sin  0 


x [JBq  cos  q>  sin  0 sin  kL(s  - a)  + k^  cos  k?  (s  - a)]}  (1.58) 

where  (1.58)  is  obtained  from  an  evaluation  of  the  standard  integral  form  in 
(1.57)  [18J.  Using  a similar  set  of  substitutions  for  I^,  namely, 

q + x*c'  , dc*  “ dx  , x * z'  - q 

the  following  can  be  ascertained: 

-jBnq  cos  $ sin  0 q+b  jBn  cos  4)  sin  0 c' 

I2  " e / sin(k^c’)e  dj;’  (1.59) 

q+a 


*2  2 2 2 

k^  - 6q  cos  4>  sin*"  0 


j0Qb  cos  it  sin  6 

2 — (e  LI 8^  cos  $ sin  0 


[continued] 
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II 


x sin  k^(q  + b)  - kj  cos  k^  (q  + b)  ] - e 


j3Qa  cos  <f>  sin  6 


x [ j 6q  cos  $ sin  kj  (q  + a)  - k}  cos  k^(q  + a)  1 } 


(1.60) 


With  the  use  of  (1.58)  and  (1.60)  the  deternination  of  A+  is  straiphtforward 
and  turns  out  to  be: 


2 2 2 2 
- £}q  cos  $ sin  6 


{ e 


JByij  cos  <f>  sin  6 


(jB^  cos  <f>  sin  6 sin  k^i^ 


+ k^  cos  k(i0]  - (16y  cos  $ sin  6 sin  k^ s + kf  cos  k^s]} 


B 


2 2 2 
k^  - 0^  cos  <j>  sin  8 


jBj,*..  cos  $ sin  6 

2 {e  t j cos  <f>  sin  6 sin  kj  (q  + ^) 


- k^  cos  kL(q  + «. ^)  ] - [j0Q  cos  <}>  sin  6 sin  k^q  - kf  cos  k^q]} 


2 2 2 2 
kj  - 0^  cos  $ sin  8 


jBQs  cos  $ sin  6 10^2^  COS  ^ sin  0 


r 


[jB  cos  $ sin  8 sin  k 2„  + k cos  k A-  ] } + — x = ~ ~ — 

()  h 2 L i.  i k2  _ g2  cosz  ^ gin/  0 


j0  s cos  <t>  sin  8 j8n2.  cos  ^ s*n  6 

x { k^  e - e [jBQ  cos  <t>  sin  8 sin  k^ 


+ k^  cos  k^^2 1 ) 


(1.61) 


Similarly,  for  the  section  of  antenna  from  -q  < x < 0 

-l 


0 


A_  = D { / sin  k^(q  + x') 

~l3 


]0_  cos  $ sin  8 x' 
e dx'  + / sin  k^  (q  + x') 

-q 


o 


jBn  cos  $ sin  8 x' 


x e 


jp...  cos  <f>  sin  Ox'  ^ jp» 

dx'}  + E / sin  k^(s  - x')e  dx* 

”*■3  [continued] 
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-s 

+ F / sin  kL(q  + x’) 
-<1 


1B()  cos  $ sin  0 x' 


dx' 


(1.62) 


Evaluating  the  above  integrals  with  the  help  of  0.60)  and  (1.58)  leads  to 
the  following: 


k^  - Bq  cos^  d>  sin“  0 


- — { j 0 cos  4>  sin  0 sin  k q - k cos  k q 

Z A U L L L 


cos  <t>  sin  6 

- e [jfiQ  cos  <t>  sin  6 sin  k^i^  “ COS  ^1/4^ 


r 

+ — - — (jBn  cos  <t>  sin  0 sin  k s + k cos  k s 

.2  „2 l . a u L L L 


k^  - BQ  cos  $ sin  0 


- e 


-JB0*3  cos  4>  sin  6 


[jBQ  cos  <t>  sin  6 sin  kj  (s  + i^)  + k^  cos  k^(s  + i^)]} 


cos  $ sin  0 


7 2 2 2 

- Bq  cos  $ sin  0 


[ j Bq  cos  4>  sin  0 sin  k^i^ 


* kL  C0S  W]  + kL® 


-jBnq  cos  1(1  sin  0 


} + 


2 2 2 2 
k^  - Bq  cos  <t>  sin  0 


-jBQi3  cos  d>  sin  0 


x {e  [JBq  cos  4>  sin  0 sin  k^i^  - k^  cos  k^i^] 

(1.63) 

With  this  the  total  far-field  factor  A can  be  obtained  from  (1.61)  and  (1.63) 


-J  B_q  cos  <t>  sin  0 
+ kLe  0 } 


as: 


A - A+  + A_ 


(1.64) 


Once  the  A factor  has  been  evaluated,  it  is  a simple  matter  to  substi- 
tute (1.64)  into  (1.49)  and  (1.51)  and  to  solve  for  the  total  surface-  and 
space-wave  fields.  Due  to  the  complexity  of  (1.64),  particularly  for  the 
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case  of  asymmetric  drive,  further  simplification  will  not  be  attempted. 

Since  A represents  the  most  general  situation,  any  of  the  cases  discussed  in 
Part  I of  [2]  can  be  considered  by  imposing  the  necessary  restrictions  on 
the  parameters  involved.  Obviously  for  the  case  of  a symmetric-drive  volt- 
age, A+  “ A_.  As  a check  on  (1.64)  the  special  case  of  a center-driven  di- 
pole antenna  with  - Bq  will  be  investigated.  For  this  situation  the  fol- 
lowing conditions  are  imposed:  ^2  * ^4*  s “ H ant*  ~ “ 0* 

With  these  conditions  it  is  easy  to  show  that: 

A - D , B“E"C**F=0 


and 


A ■ 


2A 


2 2 2 
8q  - Bq  cos  <f>  sin  9 


2~  {B0e 


jB-s  cos  d>  sin  9 -jB„s  cos  $ s*n  6 

+ 80e 


- 28q  cos  BqS) 


(1.65) 


A “ = = [cos(Bns  cos  41  sin  0)  - cos  Bns]  (1.66) 

Bq(1  - cos  4>  sin  0) 

As  anticipated,  (1.66)  is  equivalent  to  the  far-field  factor  for  a dipole 
antenna  in  free  space  with  an  assumed  sinusoidal  current  distribution. 

1.5.  Useful  Antenna  Parameters 

With  expressions  for  the  antenna  input  impedance  and  far-zone  radiation 
patterns  developed,  it  is  possible  to  utilize  these  quantities  to  introduce 
a number  of  basic  parameters  commonly  used  to  describe  antennas. 

Efficiency 

The  efficiency  of  an  antenna  is  defined  as  the  ratio  of  the  power  radi- 
ated by  the  antenna  to  the  power  supplied  hy  the  antenna.  In  general,  wire 
antennas  have  an  efficiency  of  close  to  100%.  The  only  loss  mechanism  in- 
volved would  be  due  to  the  finite  conductivity  of  the  antenna  itself.  For 
unloaded  wire  antennas  in  the  presence  of  an  imperfectly  conducting  earth, 
the  radiating  efficiency  is  still  close  to  100%  even  for  cases  in  which  a 

L 

is  quite  large.  This  is  because  the  loss  associated  with  0^  is  due  to 
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radiation  and  is  not  a heat  loss  caused  by  finite  conductivity.  In  the 
loaded-wire  cases,  such  as  the  Beverage  antenna,  the  resistive  part  of  the 
load  represents  a lumped  dissipative  loss  which  decreases  the  antenna  effi- 
ciency. The  radiation  efficiency  for  the  loaded-wire  case  is: 


% Efficiency 


X 100% 


(1.67) 


where  P^n  is  the  real  power  supplied  to  the  antenna  and  given  by 


(1.68) 


and  PD  is  the  power  dissipated  in  the  load,  namely. 


(1.69) 


In  (1.68)  VQ  is  the  driving-point  voltage  and  GQ  the  input  conductance  of 

the  antenna;  in  (1.69)  I_  is  the  amplitude  of  the  current  at  the  load  and 

rL 

is  the  real  part  of  the  load  impedance.  For  the  Beverage  antenna,  Rj  - 
Zc/2.  For  loaded  antennas  with  asymmetric  drive,  it  is  necessary  to  evalu- 
ate PQ  for  each  load  in  order  to  obtain  a total  dissipated  power.  Expres- 
sions for  current  and  input  impedance  developed  in  Part  I of  [2]  can  be  used 
to  obtain  efficiencies  for  any  of  the  cases  previously  investigated. 
Altschuler  [19]  has  shown  that  for  a traveling-wave  antenna  in  free  space 
the  radiating  efficiency  is  about  50%.  For  an  identical  configuration  in 
the  presence  of  an  imperfect  earth  a higher  efficiency  would  be  expected. 
Efficiencies  can  be  improved  by  loading  the  wire  with  a section  of  antenna, 
the  input  impedance  of  which  Is  approximately  equal  to  the  matched  load. 

Front-to-Back  Ratio 

The  front-to-back  ratio  is  an  important  quantity  specifically  in  deal- 
ing with  the  surface-wave  radiation  of  the  Beverage  antenna.  It  is  defined 
as  the  ratio  of  the  peak  power  of  the  front  lobe  to  the  peak  power  of  the 
back  lobe  where  the  front  lobe  is  the  main  radiation  lobe  ($  ■ 0)  and  the 
back  lobe  is  a minor  radiation  lobe  (<j>  - 180°).  Large  front-to-back  ratios 
are  desirable  and  are  a measure  of  the  directivity  of  the  antenna.  For  the 
surface  wave  with  4>  * 0°and  0 “ 90°,  the  vertically  polarized  component 


predominates  at  distances  far  from  the  source.  From  (1.51)  It  is  evident 
that  the  directional  properties  for  the  z component  are  contained  in  the  ex- 
pression A cos  <$.  Therefore,  the  front-to-back  ratio  in  dB  for  the  Beverage 
surface-wave  field  is: 


FBR  - 20  log10 


W9  - 90°> » * QO) 

ABEv(9  “ 90‘.  ♦ " 180°) 


(1.70) 


where  A is  simply  (1.64)  subject  to  the  asymmetrically  driven  Beverage 
conditions,  i.e.,  " Rc>  ^3  “ ^2  " ^4  " Experimentation  has 

shown  that  with  this  configuration  front-to-back  ratios  of  20  dB  are  ^easily 
obtainable. 

Antenna  Gain 

The  gain  of  an  antenna  is  probably  the  most  commonly  used  parameter  for 
describing  its  directional  radiation  properties.  The  gain  of  an  antenna  in 
a specific  direction  is  defined  as  4ir  times  the  ratio  of  the  radiation  in- 
tensity in  that  direction  to  the  total  power  P.  The  radiation  intensity  in 
a given  direction  is  defined  as  the  power  per  unit  solid  angle  in  that  di- 
rection. When  P is  the  total  power  supplied  to  the  antenna,  the  gain  is 
called  the  power  gain.  When  P represents  the  total  power  radiated  by  the 
antenna,  the  gain  is  called  the  directive  gain.  For  the  space  wave  the 
power  gain  can  be  written  as: 


Gp(e,4>) 


2 1 *i 

4wRq | E x H | 


Ro<lEel2  + ^ 


30P 


in 


(1.71) 


where  P is  given  by  (1.68).  It  is  straightforward  to  show  that  the  direc- 
tive gain  is: 


GD(e,*) 


Ro<lEel2  + l%>2> 


30P 


rad 


(1.72) 


where  Prad  ” Pin  - Pp.  In  (1.72)  it  has  been  assumed  that  the  antenna  is 
perfectly  conducting  and  that  P^  is  the  power  dissipated  in  the  resistive 
loads.  Obviously  for  an  efficient  antenna,  0^  - Gp.  With  (1.49)  and  the 
current  expressions  in  (1.52),  Gp  and  G^  can  be  evaluated  readily  from  (1.71) 
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and  (1.72).  and  Gp  can  be  evaluated  for  the  surface  wave  by  substituting 
|Ez|2  for  ( l E0 | 2 + | | 2)  in  (1.71)  and  (1.72). 

Effective  Length 

Until  now  most  of  the  discussions  have  been  concerned  with  parameters 
commonly  used  to  describe  antennas  employed  in  a transmitting  mode.  The  ef- 
fective length  of  an  antenna  is  a parameter  used  to  indicate  the  effective- 
ness of  the  antenna  as  a transmitter  or  receiver  of  electromagnetic  radia- 
tion. In  actual  use  the  effective  length  is  more  often  referred  to  in  anal- 
yzing the  receiving  properties  of  an  antenna. 

Under  transmitting  conditions  the  radiated  field  of  an  antenna  in  free 
space  can  be  expressed  in  the  form 

-iVo 

Van.  ’ J30B0Sl0  (1-73) 


where  1^  is  the  driving-point  current  and  h is  the  complex  effective  length 
[20]  with  complex  components  h.  and  h..  From  reciprocity  considerations  it 
can  be  shown  that  for  an  incident  field  with  complex  components  Eq0  and  Eq^ 
the  open-circuit  voltage  induced  on  the  receiving  antenna  is  given  by 


V 

o.c. 


V'oe  + h$E04> 


(1.74) 


With  (1.49)  and  (1.51)  expressed  in  the  form  given  by  (1.73),  the  effective 
lengths  for  the  space  wave  and  surface  wave  of  an  antenna  over  an  imperfect 
earth  are: 


Space  Wave: 

jBnd  cos  6 -j28nd  cos  9 

hQ  - (A/Iq) [e  8 in  (1  + R^e  )]  (1.75a) 

jB„d  cos  8 -J26(-jd  cos  0 

h ■ -(A/I~)[e  cos  <|>  cos  6 (1  - R e )]  (1.75b) 

<p  U V 


Surface  Wave: 


— COS  ® 22  1/2 
h^  - (A/lQ){e  U cos  * [u(l  - u cosZ  *)  7 ](1  - Ry) 

[continued] 
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X F cos  i|»  (1  + 


1 


)} 


(1.76a) 


h - (A/I.)e 
P 0 


jB^d  cos  6 


cos  0 [u2(l  - u2  cos2  0) (1  - Ry)F] 


/ . . 4 . (1  ' V°  \ 

/ 1 - sin  i|t \ 


(1  - R )u  F 
v 


i 2 2 , 

1 - U COS  <(/ 


<A/I0)e 


cos  6 


sin  <!>  (1  - l)G 


(1.76h) 


(1.76c) 


where  the  expressions  for  A and  I_  have  been  previously  developed. 


1.6.  The  Field  of  an  Antenna  in  the  Presence  of  a Conducting  Half-Space: 

Recent  Advances 

The  development  previously  presented  is  based  on  the  work  of  Norton 
which  was  done  nearly  forty  years  ago  and  provides  a good  engineering  ap- 
proximation for  the  far-field  of  a dipole  above  an  imperfect  earth.  Since 
then,  however,  more  exact  formulations  have  been  developed  that  are  worth 
mentioning.  Probably  the  most  extensive  work  dealing  with  this  problem  is 
contained  in  the  monograph  by  Banos  [21],  He  deals  specifically  with  the 
fields  of  vertical  and  horizontal  dipoles  in  the  presence  of  an  imperfectly 
conducting  half-space.  His  approach  is  entirely  analytic  and  through  the 
use  of  modified  saddle-point  techniques  he  has  been  able  to  evaluate  the 
Sommerfeld  integrals  over  a variety  of  asymptotic  ranges.  In  addition  to 
the  far-field  expressions,  Banos  was  able  to  obtain  analytic  expressions  in 
the  near  field  and  intermediate  field  ranges,  though  gaps  exist  between  the 
various  ranges  of  validity.  Expressions  were  also  obtained  over  various 
ranges  for  the  fields  in  the  imperfect  conductor.  Although  no  attempt  was 
made  to  find  field  expressions  for  antennas  of  finite  length,  one  could  pre- 
sumably superimpose  Banos'  results  with  a proper  knowledge  of  the  antenna 
current  to  obtain  accurate  expressions.  Using  the  formulas  for  current  ob- 
tained in  Part  I of  [2]  along  with  the  development  by  King  [22],  accurate 
field  calculations  can  be  made  for  horizontal  antennas  and  Beverage  antennas 
over  all  ranges.  This  procedure  was  not  included  here  since  only  the  far- 
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field  range  was  of  immediate  interest.  It  is  important  to  note  that  in  the 
more  exact  development  by  Banos  the  zeroth-order  term  in  the  far-field  ex- 
pressions is  identical  to  that  obtained  by  Norton. 

With  the  advent  of  high-speed  computers  many  numerical  attempts  have 
been  made  to  evaluate  the  Sommerfeld  integrals  accurately  [23],  [24].  Due 
to  the  gaps  that  exist  in  the  Banos  formulation,  numerical  means  were  looked 
upon  as  a way  to  fill  these  gaps  and  also  provide  a check  on  Banos'  work. 

The  various  approaches  used  are  concerned  with  selecting  the  appropriate 
path  of  integration  in  the  complex  plane  along  which  the  Sommerfeld  inte- 
grals can  most  easily  be  evaluated.  The  paths  are  judiciously  chosen  to  re- 
duce the  effects  of  singularities  in  the  integrand.  These  techniques  are 
not  always  foolproof,  and  many  times  integration  schemes  are  developed  which 
work  when  dealing  with  one  type  of  medium,  but  produce  instabilities  for  an- 
other. Oftentimes  different  schemes  are  also  necessary  depending  on  whether 
the  Sommerfeld  integrals  are  being  evaluated  for  near,  intermediate  or  far- 
zone  fields.  With  a knowledge  of  the  correct  current  existing  on  the  anten- 
na, these  numerical  schemes  can  be  utilized  to  provide  adequate  evaluation 
of  the  electromagnetic  fields  over  all  ranges  of  both  media.  These  more 
exact  numerical  and  analytic  procedures  show  that  the  "geometric-optics" 
approximation  for  the  far  field  of  the  horizontal  dipole  is  good  to  within 
10%  of  the  approaches  based  upon  the  more  accurate  evaluation  of  the  Sommer- 
feld integrals,  [23]. 
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PART  II 

EXPERIMENTAL  MEASUREMENTS 


2.1.  Introduction 

The  current  and  charge  distributions  on  an  antenna  are  fundamental 
electrical  quantities  which  can  be  used  to  determine  all  of  the  properties 
of  the  antenna.  The  developments  in  Part  I have  shown  that  with  a knowledge 
of  these  distributions  all  radiation  and  transmission  characteristics  of  the 
antenna  can  be  obtained.  Probably  the  most  important  characteristic  is  the 
antenna's  radiation  pattern,  which  describes  how  effectively  an  antenna  di- 
rects radiated  energy.  Part  II  of  this  report  is  concerned  with  measure- 
ments made  of  the  surface-wave  radiation  patterns  of  Beverage  wave  antennas 
placed  over  fresh  water  and  dry  earth.  For  the  fresh  water  case,  the  meas- 
ured field  patterns  are  compared  with  theoretical  results  based  on  formulas 
(1.51)  and  (1.64).  The  current  distributions  used  in  (1.51)  were  obtained 
from  the  development  in  [2,  Section  1.6,  Eq.  (1.52)  with  the  values  for  k^ 
given  by  (1.7)].  Since  this  expression  was  shown  to  be  not  valid  for  earth 
at  300  MHz,  the  field-pattern  measurements  over  dry  earth  are  presented  with 
out  theoretical  comparisons. 

The  purpose  of  the  measurements  was  essentially  two-fold:  first,  to 
verify  that  t:.^  asymmetrically  driven,  modified  Beverage  antenna  [2,  Fig. 
1.9]  can  be  used  to  obtain  unidirectional  surface-wave  and  sky-wave  radia- 
tion patterns  equivalent  to  the  radiation  patterns  of  the  conventional 
Beverage  antenna;  and  secondly,  to  provide  a check  on  the  accuracy  of  the 
approximate  formulation  developed  in  Section  1.3,  eq.  (1.51).  The  measure- 
ments were  made  for  a modified  Beverage  antenna,  l.OA^  in  length,  placed  at 
heights  of  .OIAq,  .021^,  .05Aq,  .IAq  and  .25Aq  above  fresh  water  and  dry 
earth.  The  measurements  were  mainly  concerned  with  examining  the  vertical 
component  of  the  surface  wave  since  it  can  be  shown  [3]  that  in  the  radia- 
tion zone  this  represents  the  major  field  component  for  a horizontal  radiat- 
ing element  in  the  presence  of  an  imperfectly  conducting  half-space.  All 
measurements  were  made  on  a scale  model  operating  at  the  frequency  144.06 
MHz.  At  this  frequency  the  experiment  represents  a model  scaled  by  a factor 
of  five  in  relation  to  the  full-scale  situation  operating  at  30  MHz.  At 
each  height  the  load  resistors  were  varied  in  an  effort  to  obtain  the  larg- 
est front-to-back  ratio  and  thus  optimize  the  directivity  of  the  surface- 
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wave  radiation. 

2.2.  Experimental  Equipment 

In  order  to  measure  accurately  the  radiation  patterns  of  Beverage  an- 
tennas, special  equipment  had  to  he  fabricated.  Since  radiation  field  pat- 
tern measurements  must  be  made  at  a distance  of  many  wavelengths  from  the 
source,  with  an  operating  frequency  of  144.06  MHz  the  measurements  had  to  be 
performed  in  a large  open  area  such  as  a field  or  lake.  The  unavailability 
of  electrical  power  in  locations  such  as  these  made  it  necessary  to  have  a 
transportable,  battery-operated  RF  power  source.  Furthermore,  for  outdoor 
field-pattern  measurements  the  conventional  technique  of  driving  the  antenna 
against  a ground  plane  could  not  be  utilized  for  several  reasons.  First  of 
all,  it  has  been  shown  experimentally  [25]  that  the  presence  of  a finite- 
sized ground  plane  can  significantly  alter  the  radiation  pattern  from  the 
idealized  case  where  the  ground  plane  is  replaced  by  the  image.  Fields  gen- 
erated by  currents  and  charges  at  the  edge  of  the  ground  plane  are  the  main 
cause  of  this  problem.  Only  when  ground  planes  are  many  wavelengths  in  size 
can  this  error  be  kept  within  acceptable  limits.  Secondly,  the  use  of  the 
ground  plane  precludes  investigating  the  asymmetrically  driven  Beverage  an- 
tenna which  is  the  case  of  immediate  interest  due  to  its  proposed  radiation 
characteristics.  Without  the  use  of  a ground  plane,  it  was  necessary  to  de- 
sign a structure  which  could  support  the  antenna  at  various  heights  above 
the  water  and  earth.  Furthermore,  when  the  ground  plane  is  absent,  the  need 
to  transfer  power  from  a coaxial  feed  line  to  an  asymmetrically  driven  dipole 
will  cause  large  unbalanced  currents  to  exist  on  the  outside  of  the  coaxial 
line.  To  alleviate  this  problem,  a balun  was  designed  to  maintain  balanced 
currents  on  the  feed  line  by  preventing  current  from  being  generated  on  the 
outside  of  the  coaxial  line.  These  currents  cause  the  coaxial  transmission 
line  to  radiate,  thus  making  the  feed  line  part  of  the  antenna  system  and 
producing  a radiation  pattern  that  can  be  quite  different  from  that  of  the 
antenna  alone.  The  balun  is  necessary  to  insure  that  field  patterns  being 
measured  are  due  only  to  radiation  from  the  modified  Beverage  antenna  and 
are  not  being  generated  by  some  complicated  combination  of  antenna  and  feed- 
ing system.  In  summary,  to  perform  the  field-pattern  measurements  it  was 
necessary  to  fabricate  a source  of  RF  power  which  could  be  battery-operated, 
a supporting  structure  to  hold  the  antenna  which  could  be  used  over  water 
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and  earth,  and  a coaxial  balun  to  suppress  unbalanced  currents  on  the  an- 
tenna feed  line. 

An  operating  frequency  of  144.0b  MHz  was  chosen  because  numerous  de- 
signs for  battery-operated  solid-state  transmitters  were  available  in  this 
2 meter  band.  Also,  at  this  frequency  the  wavelength  is  small  enough  to 
make  possible  the  implementation  of  antennas  which  are  several  wavelengths 
’ong.  The  transmitter  was  built  from  a schematic  as  shown  in  Fig.  2.1(a). 

The  schematic  represents  a two  meter  FM  transmitter  commonly  used  in  mobile 
ham  equipment.  It  is  all  solid-state  and  is  designed  to  run  off  a twelve- 
volt  battery  pack.  An  output  power  of  two  watts  is  obtainable  into  a 50  ohm 
load.  Since  the  transmitter  was  used  in  CW  operation,  the  modulator  section 
found  in  the  lower  left-hand  comer  of  Fig.  2.1(a)  which  consists  of  CR1  and 
the  accompanying  circuit  elements  was  not  included  in  the  version  built. 

The  transmitter  signal  is  generated  initially  by  an  18  MHz  crystal-controlled 
oscillator,  Ql,  which  is  tuned  to  the  4 harmonic  to  produce  an  output  of  73 
MHz.  This  signal  is  then  sent  through  a doubler,  Q2,  to  produce  the  output 
signal.  From  the  doubler  the  signal  passes  through  several  stages  of  ampli- 
fication to  obtain  the  required  output  power  level.  For  the  transmitter 
that  was  built,  an  output  of  1.8  watts  into  a 50  ohm  load  was  obtained  at  an 
operating  frequency  of  144.06  MHz  and  at  an  efficiency  of  ^8%.  The  trans- 
mitter was  constructed  on  a printed  circuit  board  and  mounted  in  a 5"  x 10" 
aluminum  box  as  shown  in  the  left  half  of  Fig.  2.3(c).  Holes  were  drilled 
in  the  box  to  provide  sufficient  ventilation  and  connectors  were  mounted  on 
the  outside  of  the  box  to  provide  terminals  through  which  the  battery  could 
be  applied  and  the  RF  output  obtained. 

To  insure  that  a sufficient  amount  of  RF  power  was  available  for  all 
situations,  it  was  decided  to  build  a power  amplifier  whicl  would  boost  the 
output  power  of  the  transmitter.  The  schematic  for  the  ami  lifier  which  was 
built  is  shown  in  Fig.  2.1(b).  The  amplifier  consists  of  one  stage  which, 
depending  on  the  transistor  used  for  01,  can  deliver  up  to  25  watts  of  power 
into  a 50  ohm  load.  The  amplifier  was  designed  to  provide  an  output  of  12 
watts  with  a nominal  2 watt  input.  In  actual  operation  an  output  of  10 
watts  was  obtained  from  the  amplifier  when  supplied  with  1.8  watts  of  input 
power  from  the  transmitter.  The  amplifier  was  assembled  and  tested  on  a 
printed  circuit  board  and  then  housed  in  a 5"  * 7"  aluminum  box  shown  on  the 
right  in  Fig.  2.3(c).  In  addition  to  providing  an  enclosure,  the  aluminum 


FIG.  2.1a.  SCHEMATIC  FOR  RF  TRANSMITTER 


FIG.  2.1b.  SCHEMATIC  FOR  12W  AMPLIFIER 
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box  was  used  as  a heat  sink  for  Q1  which  became  extremely  hot  during  opera- 
tion. 

The  antenna  itself  was  made  of  1/8"  brass  tubing.  To  support  the  an- 
tenna over  both  water  and  earth,  a polyfoam  support  was  constructed  as  shown 
in  Fig.  2.6(b).  Polyfoam  was  used  in  the  construction  since  it  is  a low- 
loss  material  with  a dielectric  constant  very  close  to  one,  < 1.1,  and 
will  therefore  have  very  little  effect  on  the  antenna  and  its  field  patterns. 
Polyfoam  is  also  an  excellent  material  to  use  for  making  floats  - exactly 
what  is  needed  to  support  the  antenna  over  water.  The  combination  float  and 
support  was  constructed  from  two  1-3/4'  x 8'  polyfoam  billets  with  a dielec- 
tric constant  given  as  er  » 1.03.  The  two  billets  were  placed  8"  apart  and 
seven  polyfoam  cross-members  were  glued  between  them.  The  polyfoam  used  for 
the  cross-members  was  denser  than  the  polyfoam  from  which  the  billets  were 
constructed,  yet  the  dielectric  constant  for  the  cross-member  material  was 

still  quite  low  with  a value  of  e =1.07.  A series  of  holes  was  drilled  in 

r 

the  cross-members  so  that  the  antenna  could  be  placed  at  heights  ranging 
from  .OHq  to  .25Xq.  The  denser  polyfoam  made  it  easier  to  cut  out  uniform 
holes  rather  than  having  them  torn  out  as  would  have  been  the  case  with  the 
lighter  polyfoam.  The  float  was  made  as  wide  as  possible  to  provide  suffi- 
cient stability  and  thus  prevent  the  possibility  of  having  the  float  turn 
over  in  choppy  water.  When  fully  constructed,  the  float  measured  4'  x 8* 
with  the  center  cross-members  extending  up  to  2'  in  height.  The  total 
weight  of  the  float  was  calculated  to  be  approximately  52  pounds.  Given 
this  weight  and  the  cross-sectional  area  of  the  float,  it  was  determined 
that  the  float  would  sink  approximately  8 mm  into  the  water.  This  was  de- 
termined to  be  a small  enough  perturbation  so  as  to  cause  no  real  problem 
with  the  experimental  model.  To  compensate  for  this  two  sets  of  holes  were 
drilled,  the  second  displaced  from  the  first  by  8 mm,  one  of  which  was  used 
for  the  earth  measurements  and  the  other  for  water.  The  float  proved  to  be 
a bit  bulky  but  light  enough  to  make  transporting  easy. 

To  prevent  radiation  from  the  antenna  feed  line,  a balun  was  designed 
to  operate  at  144.06  MHz.  The  type  of  balun  used  was  the  standard  bazooka 
or  sleeve  balun.  The  bazooka  balun  consists  of  a sleeve  placed  over  a sec- 
tion of  the  coaxial  feed  line  at  the  driving  point.  By  short  circuiting  the 
sleeve  to  the  outside  of  the  coaxial  feed  line  at  a quarter  wavelength  back 
from  the  driving  point,  the  sleeve  and  the  outside  conductor  form  a high 


Input  impedance  section  of  transmission  line  which  suppresses  any  currents 
on  the  outside  of  the  coaxial  line.  Suppression  of  these  currents  prevents 
the  feed  line  from  radiating.  The  balun  has  no  effect  on  the  impedance  re- 
lationships between  the  antenna  and  the  coaxial  line.  The  construction  of 
the  balun  and  the  feed  line  is  depicted  in  Fig.  2.2.  The  feed  line  consists 
of  RG  58  coaxial  line  with  a characteristic  impedance  of  50  ohms.  Where  the 
coaxial  line  enters  the  sleeve  section  of  the  balun  the  outer  rubber  coating 
of  the  coaxial  line  was  removed  and  the  shield  was  soldered  to  the  inside  of 
a 1/4"  O.D.  piece  of  brass  tubing.  This  forms  the  inner  conductor  for  the 
transmission  line  consisting  of  the  sleeve  and  the  feed  line.  The  sleeve 
was  formed  by  a section  of  brass  tubing  of  7/8"  O.D.  and  .033"  wall  thick- 
ness. The  sleeve  extended  back  from  the  driving  point  to  a distance  of  58 
cm  where  it  was  Bhort-circuited  to  the  1/4"  tubing.  At  the  driving  point 
the  shield  and  center  conductor  of  the  coaxial  line  were  individually  sold- 
ered to  short  sections  of  1/8"  brass  tubing.  The  driving-point  section  was 
then  encapsulated  in  a block  of  rexolite.  This  was  done  to  provide  a base 
and  support  to  which  longer  lengths  of  1/8"  brass  tubing  could  be  attached 
to  form  the  antenna.  This  was  accomplished  by  screwing  longer  sections  into 
the  small  pieces  of  tubing  encased  in  the  rexolite.  Inside  the  sleeve  sec- 
tion a sliding  short  circuit  was  constructed  which  could  be  used  to  tune  out 
the  unbalanced  currents  on  the  feed  line.  The  short  circuit  consisted  of  a 
thin  brass  rinr*  with  copper  beryllium  fingers  soldered  to  the  inner  and  out- 
er diameters  of  the  ring.  These  fingers  make  continuous  contact  with  the 
sleeve  and  inner  conductor  of  the  balun.  Push  rods  were  attached  to  the 
ring  and  the  rods  were  extended  beyond  the  sleeve  section  to  provide  exter- 
nal control  for  the  positioning  of  the  short  circuit.  An  overall  view  of 
the  balun  and  a close-up  of  the  driving  point  are  given  in  Figs.  2.3(a)  and 
2.3(b). 

Once  the  balun  was  constructed  it  was  necessary  to  calibrate  it  to  in- 
sure its  proper  operation.  This  was  accomplished  by  using  the  balun  to  feed 
a half-wave  dipole  antenna  and  then  adjusting  the  short  circuit  to  obtain 
the  best  balance  on  the  feed  line.  This  was  checked  initially  by  using  a 
hand  probe  to  sense  the  current  on  each  element  of  the  dipole.  For  a bal- 
anced feeding  system  the  currents  will  be  equal  on  the  two  elements.  This 
technique  was  used  only  to  get  a rough  estimate  of  where  the  short  circuit 
should  be  positioned  to  achieve  the  best  balance.  A more  accurate  procedure 


FIG.  2.2.  BAZOOKA  BALUN  DESIGN  FOR  144.06  MHz. 
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SOLID-STATE  TRANSMITTER  AND  AMPLIFIER 


r 


-43- 


was  then  used  in  which  the  radiation  pattern  for  the  half-wave  dipole  was 
measured  for  various  positions  of  the  short  circuit.  It  turns  out  that  in 
many  cases  when  an  unbalanced  condition  exists  on  the  antenna  and  feed  line, 
asymmetry  is  observed  in  the  antennafe  radiation  pattern,  especially  in  the 
nulls.  With  this  in  mind,  the  short  circuit  was  adjusted  to  obtain  simul- 
taneously as  symmetrical  a radiation  pattern  and  as  deep  a null  as  possible. 
The  condition  on  the  depth  of  the  null  is  necessary  because  radiation  from 
the  feed  line  may  produce  fields  of  greater  intensity  than  the  field  pro- 
duced at  the  null  of  the  dipole  radiation  pattern.  In  this  case  the  nulls 
will  appear  symmetric  yet  not  as  deep  as  they  should  be.  By  using  these  two 
criteria,  the  balun  was  adjusted  until  the  optimum  radiation  pattern  in  Fig. 
2.4  was  obtained.  For  this  pattern  symmetric  nulls  of  33  dB  were  obtained. 
The  pattern  was  measured  at  a distance  of  25Aq,  which  easily  falls  within 
the  radiation-zone  condition.  Once  the  proper  setting  on  the  short  circuit 
was  obtained,  the  push  rods  were  permanently  set  in  place  with  epoxy. 

The  field  pattern  in  Fig.  2.4  and  all  subsequent  field  patterns  were 
measured  with  the  Rhode  & Schwarz  VHF  field-strength  meter  shown  in  Fig. 
2.8(b).  The  meter  is  actually  a very  sensitive  heterodyne  receiver  which, 
when  used  with  its  accompanying  half-wave  dipole  antenna,  has  a calibrated 
output  that  is  proportional  to  the  electric-field  strength  at  the  antenna. 
The  meter  can  tune  over  the  entire  VHF  band  from  25  MHz  to  300  MHz  with  a 
bandwidth  of  aiy  120  Kc.  Field  strengths  as  low  as  1.5  pV/m  can  be  de- 
tected with  this  meter.  The  meter  can  be  used  quite  easily  for  outdoor 
field-pattern  measurements  since  it  is  equipped  to  operate  on  rechargeable 
nickel-cadmium  batteries.  When  used  in  conjunction  with  the  accompanying 
dipole  antenna,  the  meter  was  found  to  give  accurate  field-pattern  measure- 
ments. 

2.3.  Beverage  Antenna  Field-Pattern  Measurements:  Techniques  and  Results 

The  measurement  procedures  used  in  both  the  fresh-water  and  dry-earth 
cases  were  quite  similar  except  for  special  difficulties  encountered  with 
water  due  to  mobility  problems.  The  block  diagram  for  the  measurements  is 
given  in  Fig.  2.5.  The  transmitter,  amplifier,  balun  and  field-strength 
meter  have  all  been  described  in  the  previous  section.  A lead-acid  car  bat- 
tery was  used  for  the  12-volt  power  source.  It  was  necessary  to  use  a bat- 
tery of  this  capacity  because  the  transmitter  and  amplifier  required  over 
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1.5  Amps  during  operating  times  of  several  hours  or  more.  The  battery  could 
then  he  recharged  conventionally  with  an  automobile  battery  charger.  The 
asymmetric  configuration  in  Fig.  2.5  was  used  throughout  for  all  modified 
Beverage  antenna  field-pattern  measurements. 

The  field-pattern  measurements  over  earth  were  made  on  a large  flat, 
open  field.  The  float  was  placed  on  the  sand  portion  of  a baseball  infield 
as  shown  in  Fig.  2.6(a).  The  earth  was  a very  hard,  dry  and  granular-type 
material.  Its  electrical  properties  were  measured  and  determined  to  be  = 

4.3,  a m .0013  mhos/m.  All  field-pattern  measurements  were  to  be  made  in 
one  day  so  there  was  no  concern  that  the  electrical  properties  of  the  earth 
would  change  during  the  course  of  the  measurements.  Measurements  made  on 
the  electrical  properties  of  the  earth  over  a period  of  several  days  showed 
that  they  remained  fairly  constant.  The  battery,  transmitter  and  amplifier 
were  set  on  the  ground  beside  the  float  during  operation.  The  surface-wave 
patterns  were  measured  at  a radius  of  201^  (approximately  42  meters)  from 
the  center  of  the  antenna.  This  was  far  enough  to  fulfill  the  radiation- 
zone  condition,  £qR  >>  1.  Along  this  circle,  the  vertical  electric  field 
was  measured  at  intervals  of  15°.  Wooden  stakes  were  placed  in  the  ground 
at  each  of  these  points  to  indicate  clearly  where  the  measurements  were  to 
be  taken.  These  points  were  determined  trigonometrically  by  using  two 
lengths  of  rope.  One  piece  of  rope,  20Aq  in  length,  was  fastened  at  the 
point  at  which  the  center  of  the  antenna  was  to  be  placed.  A second  piece 
of  rope  was  fixed  at  a distance  of  20Aq  from  the  center  on  an  arbitrarily 
determined  0°  - 180°  axis.  This  second  piece  of  rope  had  marked  along  it 
the  lengths  for  the  bases  of  the  isosceles  triangles  formed  by  it,  the  first 
"radius"  rope,  and  the  0°  - 180°  axis.  The  base  lengths  were  properly  cho- 
sen in  order  to  make  the  angle  opposite  the  base  an  integral  multiple  of  15°. 
By  stretching  the  ropes  until  the  appropriate  distance  from  the  center  and 
the  0°  or  180°  point  were  obtained,  15°  intervals  on  a circle  of  radius  20Aq 
were  determined  accu  -ately.  The  measurements  were  then  made  quite  readily 
by  walking  to  each  marker,  placing  the  field-strength  meter  over  this  point, 
as  shown  in  Fig.  2.6(b),  and  recording  the  reading.  To  insure  the  accuracy, 
the  calibration  on  the  meter  was  rechecked  before  each  reading. 

A similar  procedure  was  employed  to  measure  the  Beverage  antenna  field 
patterns  over  water,  but  with  obviously  many  more  problems  arising.  It  was 
first  necessary  to  find  a convenient  body  of  water  over  which  the  measure- 


ments  could  be  made.  Permission  was  granted  by  the  M.D.C.  to  use  a section 
of  Upper  Mystic  Lake  (Fig.  2.7a)  to  perform  this  research.  One  of  the  bene- 
fits of  this  particular  lake  was  that  no  power  boats  were  allowed  to  operate 
on  it  and  thus  create  excessive  turbulence.  In  order  to  maneuver  on  the 
lake,  permission  was  received  to  use  a small  two-man  rubber  boat  equipped 
with  a 1-1/2  horsepower  engine  (Fig.  2.8b).  A series  of  floats  was  placed  in 
a semi-circle  of  radius  20Aq  at  intervals  of  approximately  11°.  This  was  ac- 
complished by  first  establishing  a center  point  by  positioning  a small  float 
at  approximately  230  feet  from  the  shore.  The  water  depth  at  this  point  was 
45  feet  and  a large  100  pound  weight  was  used  to  hold  the  float  in  place. 

A section  of  rope  20Xq  in  length  could  then  be  tied  on  to  the  center  float 
and  pulled  by  the  boat  without  moving  the  position  of  the  center.  Initially 
marker  floats  were  dropped  at  0°  and  180°  at  a distance  of  20AQ  from  the 
center.  The  rest  of  the  markers  were  placed  by  successively  dividing  the 
arc  of  the  semi-circle  in  half,  i.e.,  90°,  then  45°,  etc.  The  division  was 
mainly  done  visually.  This  resulted  in  errors  of  possibly  as  much  as  ±5°  in 
each  marker's  location.  With  the  use  of  the  radius  rope,  however,  it  was 
fairly  well  assured  that  the  floats  all  lay  closely  on  a radius  of  20A-. 

t ^ 

Three  additional  floats,  each  anchored  with  100  pounds  of  weight,  were 
placed  in  a triangle  around  the  center  float.  These  were  used  to  tie  down 
the  large  float  on  which  the  antenna  was  placed  (Fig.  2.7b).  As  can  be  seen 
in  the  figure,  rcpes  were  attached  to  the  large  float  and  were  then  tied  se- 
curely to  the  trio  of  floats.  When  the  antenna  was  in  position,  it  was  di- 
rected so  that  the  main  beam  of  radiation  would  be  across  the  lake,  result- 
ing in  no  problems  with  reflections.  The  farthest  measuring  point  from  the 
shore,  the  0°  marker,  was  at  a distance  of  380  feet  and  the  water  depth  was 
measured  to  be  66  feet.  The  closest  measuring  point  to  the  shore,  the  180° 
marker,  was  at  a distance  of  85  feet  with  a water  depth  of  10  feet.  At  all 
measuring  points  the  water  depth  was  greater  than  the  skin  depth,  insuring 
that  reflections  off  the  bottom  of  the  lake  would  not  be  a problem. 

A separate  smaller  float  was  used  to  support  the  battery  and  transmit- 
ter as  shown  in  Fig.  2.8(a).  Holes  were  cut  in  the  float  into  which  the 

battery  and  electronics  could  be  placed  to  avoid  any  movement  in  rough  water.  ; j 

The  equipment  float  was  fastened  securely  to  the  larger  float  by  means  of 
ropes.  The  initial  assemblage  of  floats  and  equipment  was  done  on  shore  and 
then  the  entire  apparatus  was  towed  out  by  boat  and  tied  down  at  the  center. 


Once  the  floats  were  secured  in  the  water,  it  was  possible  to  change  the  an- 
tenna heights  in  this  position  from  the  boat  without  bringing  the  assembly 
back  to  shore.  With  the  antenna  height  established,  field-intensity  meas- 
urements were  made  by  moving  the  boat  to  each  of  the  degree  markers  on  the 
20An  semi-circle  and  there  recording  the  reading.  To  accomplish  this  two 
people  were  needed,  one  to  navigate  the  boat  and  the  other  to  take  the  read- 
ings. The  meter  was  held  in  a block  of  polyfoam  and  positioned  to  the  front 
of  the  boat  in  order  that  the  antenna  could  extend  beyond  the  bow,  as  shown 
in  Fig.  2.8(b).  Each  measurement  was  made  by  moving  radially  in  at  the  an- 
tenna and  recording  the  reading  as  the  boat  passed  over  the  marker  float. 
Since  any  movement  of  the  two  persons  in  the  boat  could  affect  the  readings, 
care  was  taken  to  remain  as  still  as  possible  and  to  maintain  the  same  rela- 
tive positions  for  each  set  of  measurements. 

Over  a period  of  time  problems  arose  with  marker  floats  disappearing 
due  to  vandals.  With  floats  disappearing  faster  than  they  could  be  replaced, 
it  was  decided  not  to  use  all  of  the  floats.  Fortunately,  the  center  float, 
the  marker  at  0°  and  the  three  anchored  floats  were  all  sufficiently  weight- 
ed down  so  that  they  could  not  be  moved.  It  was  decided  to  retain  only  the 
0#,  45°,  90°,  135°  and  180°  marker  floats.  At  night  these  floats  were  tied 
about  1 foot  under  the  water  to  prevent  any  further  tampering.  With  fewer 
floats  available,  the  measurement  procedure  was  altered  slightly.  The  boat 
was  now  made  to  move  in  a circular  path  using  the  5 marker  floats  as  guides 
and  a watch  was  used  to  record  measurements  at  intervals  of  15  seconds.  By 
assuming  that  the  boat  was  moving  at  a constant  rate,  the  180°  sweep  could 
be  divided  by  the  number  of  readings  to  determine  the  angular  position  for 
each  measurement.  Obviously  errors  exist  in  the  measurements  due  to  uncer- 
tainties in  the  angular  position  and  radial  distance  from  the  antenna  but, 
considering  the  uncontrollable  circumstances  involved,  every  effort  was  made 
to  minimize  these  errors. 

Dry~ Earth  Measurements 

As  was  previously  mentioned,  the  field-pattern  measurements  were  made 
over  earth  with  electrical  properties  of  - 4.3  and  o = .0013  mhos/m.  To 
avoid  any  errors  due  to  fluctuations  in  the  transmitter's  output  power,  a 
warm-up  period  of  at  least  15  minutes  was  observed  before  any  measurements 
were  taken.  Bench  testing  has  shown  that  good  power  output  and  frequency 


stability  can  be  obtained  after  5 to  10  minutes  of  warm-up.  A poly foam 
canopy  was  placed  over  the  transmitter  and  amplifier  to  shade  them  from  the 
sun.  Excessive  heating  of  the  aluminum  boxes  containing  the  electronics  was 
discovered  to  cause  transistor  burn-outs  and  power  drift.  At  each  height  a 
hand  probe,  consisting  of  a small  loop,  was  used  to  determine  approximately 
the  phase  constant  3^  on  the  line.  This  was  done  by  measuring  the  distance 
between  nulls  on  the  unloaded  wire.  From  this  the  length  of  the  quarter- 
wave  sections  can  be  determined.  The  resistor  which  gave  the  best  front-to- 
back  ratio  was  used  for  the  pattern  measurements. 

The  measured  field  patterns  appear  in  Figs.  2.9  through  2.13.  Tabula- 
tion of  the  measured  data  is  given  in  Appendix  A.  The  figures  are  presented 
in  order  of  increasing  d/X^;  all  are  for  an  antenna  of  length  = X^.  In 
all  cases  except  that  in  Fig.  2.9  only  half  of  the  surface-wave  pattern, 
from  0°  to  180°,  was  measured.  In  Fig.  2.9  the  symmetry  of  the  pattern  was 
checked  to  determine  if  a possible  unbalance  in  the  feeding  line  or  reflec- 
tions from  distant  objects  were  affecting  the  pattern.  Measurements  made  on 
a full  360°  sweep  show  that  the  symmetry  of  the  pattern  is  quite  good  with 
some  small  asymmetry  appearing  in  the  back  lobe.  The  measurements  presented 
are  for  the  vertical  component,  E^,  which  can  be  shown  to  be  the  major  com- 
ponent of  radiation  in  the  surface  wave.  The  horizontal  surface-wave  com- 
ponent, E , was  measured  to  be  around  20  dB  below  the  F.  component  at  all 
<p  z 

points  except  *.n  the  vicinity  of  90°  and  2708  where  the  F^  pattern  has  a 
sharp  null.  At  these  two  points  F.  and  E,  are  comparable  in  magnitude.  Hie 

Z <p 

measurements  in  Figs.  2.9  through  2.12  show  that  with  heights  of  d/XQ  = .01 
to  ,1  and  with  proper  matching  the  modified  Beverage  antenna  can  achieve 
very  directive  radiation  patterns  with  front-to-back  ratios  of  close  to  20 
dB  and  half-power  beamwidths  of  around  80°.  These  patterns  are  all  quite 
similar,  with  some  small  variations  appearing  in  the  minor-lobe  structure. 

At  d/lp  ■ .25  (Fig.  2.13)  the  general  shape  of  the  pattern  begins  to  change 
and  the  directivity  suffers  also.  A dip  in  the  major  lobe  at  <(>  = 0°  is  ob- 
served and  a front-to-back  ratio  of  only  9 dB  was  obtained.  It  would  appear 
that  the  departure  of  the  current  and  charge  distributions  from  a transmis- 
sion-line form  is  manifested  in  this  radiation  pattern. 


Fir,.  2.9.  MEASURED  RELATIVE  ELECTRIC  FAR  FIELD  PATTERN  FOR  MODIFIED 
BEVERAGE  ANTENNA  OVER  DRY  EARTH.  VERTICAL  COMPONENT  OF 
SURFACE  WAVE  WITH  d/Xo'.Ol,  1,  6r*A.3  AND  Pe  ■ .038. 


FIO.  2.10.  MEASURED  RELATIVE  ELECTRIC  FAR  FIELD  PATTERN  FOR  MODIFIED 
BEVERAGE  ANTENNA  OVER  DRY  EARTH.  VERTICAL  COMPONENT  OF 
SURFACE  WAVE  WITH  d/Xo*.02.  Cr«4.3,  AND  Pe'  -UJ8. 


FIG.  2.11.  MEASURED  RELATIVE  ELECTRIC  FAR  FIELD  PATTERN  FOR  MODIFIED 
BEVERAGE  ANTENNA  OVER  DRY  EARTH.  VERTICAL  COMPONENT  OF 
SURFACE  WAVE  WITH  dA0«.05,  (,/X0«1,  £,*4.3,  AND  Pe*  .038. 


Fresh-Water  Measurements 


Following  a procedure  similar  to  that  used  for  the  case  over  earth, 
measurements  were  made  on  modified  beverage  antennas  over  fresh  water.  The 
water  in  Upper  Mystic  Lake  was  found  to  he  highly  conducting  when  compared 
to  most  fresh-water  lakes.  Its  electrical  properties  were  measured  to  be 
zr  **  81  and  a m .062  mhos/m.  In  these  measurements  the  values  of  X^/4  and 
Zc/2  were  determined  from  theoretical  expressions  given  in  [2,  Eqs.  (1.7) 
and  (1.8)].  The  measured  field  patterns  for  modified  Beverage  antennas  of 
length  - XQ,  placed  at  heights  of  d/XQ  - .01,  .02,  .05,  .1  and  .25  are 
presented  in  Figs.  2.14  through  2.18.  A tabulation  of  the  measured  data  ap- 
pears in  Appendix  A.  Measurements  were  not  able  to  be  made  at  the  lowest 
height,  d/*g  ■ .01,  due  to  the  waves  on  the  surface  of  the  lake.  At  this 
height  the  wire  remains  only  2 cm  above  the  water  level  and  the  constant 
rocking  of  the  antenna  float  due  to  the  choppy  water  caused  the  wire  to  be 
submerged  part  of  the  time.  It  was  decided  that  at  this  height  it  was  im- 
possible to  maintain  the  wire  at  a uniform  distance  above  the  water  and  that 
measurements  made  at  this  height  would  be  unreliable.  Fig.  2.14  shows  the 
theoretical  sky-wave  and  surface-wave  patterns  for  a modified  Beverage  an- 
tenna at  d/Xg  = .01.  The  theoretical  expressions  are  given  by  (1.49)  and 
(1.51)  with  the  theoretical  wave  number  used  for  k^ . Figures  2.15  through 
2.18  compare  the  measured  vertical  surface-wave  patterns  with  theoretical 
predictions  f-om  (.1.51)  and  also  display  the  theoretical  sky-wave  patterns. 

For  the  surface-wave  measurements  the  maximum  field-strength  reading  is  nor- 
malized to  one.  In  all  cases  except  at  d/X^  * .25,  this  maximum  occurs  at 
4>  “ 0®.  In  Fig.  2.15  the  directivity  of  the  pattern  is  certainly  evident, 
but  the  field  in  the  region  90°  < < 270°  is  much  larger  than  the  theory 

predicts.  At  tills  height  the  wire  was  still  reasonably  close  to  the  water 
(approximately  4 cm)  and  the  motion  of  the  float  could  still  cause  large 
variations  in  the  d/X(1  value.  Since  this  measurement  was  made  over  choppy 
water,  it  is  reasonable  to  assume  that  this  is  the  cause  for  the  discrep- 
ancy in  the  back  lobe.  For  the  other  three  cases.  Figs.  2.16  through  2.18, 
much  better  agreement  is  observed  with  alight  variations  appearing  in  the 
back  lobe,  which  is  quite  sensitive  to  exact  phase  cancellations.  It  is  in-  i 
teresting  to  note  that  at  d/xQ  ■ .25  a significant  reduction  in  the  front- 
to-back  ratio  is  observed  along  with  a dip  in  the  main  lobe  at  d>  * 0°  simi- 
lar to  the  measurements  over  earth.  The  cause  of  this  would  again  appear  to 
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A)  SKYWAVE  EAR  FIELD  PATTERN 


8 ) SURFACE  WAVE  FAR  FIELD  PATTERN;  VERTICAL  COMPONENT 


FIG.  2.14.  FAR  FIELD  PATTERNS  FOR  MODIFIED  BEVERAGE  ANTENNA  OVER  FRESH 

water;  d/x0*.oi,  t,/x0- 1 . er«ei,  and  p#  - .097 
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B)  SURFACE  WAVE  FAR  FIELD  PATTERN;  VERTICAL  COMPONENT 

FIG,  2.18.  FAR  FIELD  PATTERNS  FOR  MODIFIED  BEVERAGE  ANTENNA  OVER  FRESH 
WATER;  d/A0  *.25,  l,A0»l,  €r  ■ 81,  AND  P,  -.097. 


I 


be  due  to  the  changing  nature  of  the  current  from  one  that  is  predominantly 
of  transmission-line  form  to  one  that  is  more  characteristic  of  an  antenna 
in  free  space.  The  E.  field  was  measured  to  be  approximately  10  dB  below 
the  Ez  field  at  all  points  except  in  the  null  at  <f>  *»  90°  where  they  are  com- 
parable in  value. 

2.4.  Conclusions 

Several  important  conclusions  can  be  dravm  from  the  data  presented  in 
Figs.  2.9  through  2.18.  They  are  as  follows: 

1)  The  ability  of  the  modified  Beverage  antenna  to  launch  a unidirec- 
tional surface-wave  radiation  pattern  is  clearly  evident.  In  use  over  both 
fresh  water  and  dry  earth,  front-to-back  ratios  of  20  dB  can  be  obtained. 

The  main  radiation  lobe  is  quite  broad  with  half-power  beamwidths  of  about 
80°.  Unidirectional  characteristics  should  also  be  exhibited  in  the  space- 
wave  radiation  pattern,  although  no  measurements  were  made  to  confirm  this. 
It  would  appear  that  the  modified  Beverage  antenna  should  be  an  excellent 
element  in  highly  directive  broadside  arrays. 

2)  When  matched  properly,  the  vertical  surface-wave  pattern  appears  to 
be  fairly  insensitive  to  changes  in  height  in  the  .01  < d/A^  < .1  range. 

3)  For  d/A^  = .25,  a significant  loss  in  directivity  Is  noticed  along 
with  changes  in  the  shape  of  the  pattern  at  <J>  = 0°.  This  seems  to  be  attri- 
butable to  the  changing  nature  of  the  antenna  current  distribution  from  one 
that  is  predominantly  transmission-line-like  to  one  more  characteristic  of 
an  antenna  in  free  space. 
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APPENDIX  A 

TABLES  OF  THEORETICAL  AND  MEASURED  FIELD  PATTERNS  OF  BEVERAGE  WAVE  ANTENNAS 

The  tables  In  this  appendix  contain  the  theoretical  and  measured  field 
patterns  for  modified  Beverage  antennas  over  fresh  water.  Also  included  are 

the  measured  data  for  Beverage  antennas  over  dry  earth.  The  following  terms 

are  defined: 

"ETH/ETM"  ■ En  normalized  to  the  maximum  E.  value; 

"EZ/EZM"  “ E normalized  to  the  maximum  E value; 

z z 

"EFI/EZM"  **  E,  normalized  to  the  maximum  E value; 

<p  z 

"ERO/EZM"  • E normalized  to  the  maximum  F,  value. 

P z 
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